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ABSTRACT
THIN-LAYER COMPOSITE FERROELECTRIC DRIVER 
AND SENSOR CHARACTERIZATION WITH APPLICATION TO 
SEPARATION FLOW CONTROL
Karla M. Mossi 
Old Dominion University, 1998 
Director: Dr. Gregory V. Selby
Experiments were conducted in two different stages — general piezoelectric 
actuator characterization and flow separation control applications. The characterization 
of the piezoelectric devices was performed in several stages, due to the many variables that 
affect performance. The first stage of the characterization consisted of tests conducted on 
13 different THUNDER™ (thin-layer composite unimorph ferroelectric driver and sensor) 
configurations. These configurations consisted of a combination of 1, 3, 5, 7, and 9 layers 
of 25fi thick aluminum as backing material, with and without a top layer of 25p. aluminum. 
All of these configurations used the same piezoelectric ceramic wafer (PZT-5A) with 
dimensions of 5.1 x 3.8 x 0.018 cm. The above configurations were tested at two stages 
of the manufacturing process: before and after re-poling. The parameters measured 
included frequency, driving voltage, displacement, capacitance, and radius of curvature. 
An optical sensor recorded the displacement at a fixed voltage (100-400 Vpp) over a 
predetermined frequency range (1-1000 Hz). These displacement measurements were 
performed using a computer that controlled the process of activating and measuring the
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displacement of the device. A parameter was defined which can be used to predict which 
configuration will produce maximum displacement for a partially constrained device. The 
second phase of the characterization was conducted using two different types of 
piezoelectric devices. Actuators were made with PZT wafers of 3.8 x 1.9 x 0.025cm, and
3.8 x 1.3 x 0.02 cm. These models consisted of a combination of top layers of 1 mil 
(0.0254 mm) aluminum and brass, and bottom layers of stainless steel, aluminum, and 
brass of varying thickness [3, 4, 5, 7, 9, 10 mil ( 0.076, 0.102, 0.127, 0.178, 0.229, 
0.254 mm)]. Displacement was measured for 12 configurations at 1 Hz and 200 Vpp 
under loads of 0, 0.2, 0.4, 0.5, and 1.0 Kg using an optical sensor. Again the parameter 
P was used to predict the configuration with the maximum displacement for a partially 
constrained device, as well as with the device under load. Finally, a THUNDER™-based 
actuator was used to deploy submerged vane-type vortex generators which were used to 
control turbulent separated flow associated with flow over a backward-facing ramp. 
Effectiveness of the vortex generator array was demonstrated using wall pressure 
measurements, velocity surveys, and smoke-oil flow visualization photographs which 
showed that the nominal flow separation region was reduced by 35-40%.
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1CHAPTER I 
INTRODUCTION
1.1 General Background
The physics of fluid flows and consequently, the control of fluid flow, involves a 
wide variety of research areas and industries, including physics, biology, medicine, 
construction, manufacturing, aerospace, and others. For this reason, a multidisciplinary 
approach to fluid-flow problems is often necessary. Such approaches may find applications 
in any research area in the natural sciences and engineering which involves the control and 
analysis of fluid flow. In biology for example, the high-aspect-ratio propulsion system used 
by most of the fastest aquatic animals [I]1 is suitable for analysis by airfoil theory. In 
medicine, "work in the physiological fluid dynamics needs very close and intimate 
collaboration between specialists in physiological science and specialists in the dynamics of 
fluids." [2] For instance, studies indicate that turbulent blood flow, possibly induced by flow 
separation, makes aneurysms (intercranial saccular aneurysm) self-aggravating.[2] Such 
studies form the research area known as biofluidmechanics and indicate the importance of 
flow control research and a wide range of potential applications.
In order to exert applicable control over a fluid system (or a structure), an adaptive 
control scheme using an adaptive structure may be necessary, and during the past few years 
a significant amount of research has been performed on the control of fluid and structural 
systems using smart sensors and actuators.[3,4, 5,6, 7, 8] Some of these systems can sense 
changes in their environment and respond accordingly.[9,10] The field of smart structures
The journal model used on this dissertation was AIAA Journal.
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2and systems. These systems can sense and control their own behavior to achieve much higher 
levels of operational performance than conventional materials and structures.[l 1]
In particular, smart materials have been widely used in aerospace research. For 
instance, smart materials have been used in acoustic control (to make aircraft quieter), active 
damage control (for extending a wing structure's fatigue life), aircraft wings that stiffen in 
rough weather, flutter suppression, and vibration control.[6, 12, 13, 14]
Smart or intelligent structures are made with adaptive materials that can change their 
properties (i.e., stiffness, shape, etc.) through an external stimulus (such as electricity, heat, 
or a magnetic field).[15] These structures can be used as control systems or complete 
integrated structures containing embedded sensors, actuators, etc.[l 1] Therefore, adaptive 
materials can replace some functions presently performed by mechanical actuators. Such 
materials have the advantage over mechanical actuators in weight and volume, depending 
on the desired use. For example, the requirement of small cooling units with rotating fans, 
has resulted in the use of smart materials to create designs without moving mechanical 
parts. [12]
Some of these recent developments in smart materials and actuation mechanisms 
provide new approaches in health monitoring and methods of feedback control. Such 
developments promote the analysis, design, and development o f controlled smart systems 
which are effective either as passive or active control systems as shown by many 
researchers.[12,16, 17, 18, 19,20]
Due to the advantages of smart actuators over mechanical parts, active or passive 
control of a system often becomes more feasible particularly in aerodynamic applications 
such as flow-separation control. Flow-separation control is important because separation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3usually causes large energy losses [21] that affect airfoil, diffuser, and transportation systems 
performance. [22] For instance, excessive separation on wings and other lifting surfaces, may 
cause stalling, leading to catastrophic results.[23] Furthermore, non-aerodynamic surfaces 
on building structures produce flow separation on the upwind side of the building, and 
reattachment on the downwind side, creating a recirculation zone on the leeward side of the 
building with a high level of turbulence and low mean velocity. Consequently, several 
passive and active methods exist for the artificial prevention o f flow separation, when it 
occurs.
A system which will effectively and efficiently control flow separation can often be 
designed using smart materials. Such a system can have significant advantages over 
traditional passive and active flow control systems. For this reason, a detailed review of the 
general characteristics of smart materials is important and is given below.
1.2 Smart Materials
There are several materials classified and tested as smart materials due to their unique 
physical properties and characteristics.[8] They have been used as a combination of sensor 
and actuator to control a system, [24] so that an electrical input can be converted into 
mechanical distortion. The ideal sensor would convert mechanical distortion directly into 
an electrical potential. Generally, a smart material is one that is not simply an actuator or a 
sensor, but functions as both, and senses a change and responds to that change in some 
manner. [25]
Piezoelectric layers, for example, bonded to the surface or manufactured and 
embedded into a flexible structural member can act as either control actuators or sensors.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4One advantage is that the load transfer from the piezoelectric material to the host structure 
is enhanced and the surface of the structure is free of fragile components and connections. 
However, potential complications include electrical insulation and manufacturing of the 
actuators, sensors, and electrical leads into the laminate. The successful implementation of 
intelligent structures depends not only on the development of suitable actuators and sensors, 
but processors and control algorithms as well. Warkentin [26] studied the feasibility of 
embedded electronics for intelligent structures. He concluded that the processing 
components can also be surface-mounted or embedded, with both approaches having 
advantages and disadvantages.
Surface-bonded components would offer ease of access and maintenance, but would 
be easily damaged in service and would place functional demands on the structural surface 
that may conflict with existing requirements. Components embedded within the structure 
would provide better protection of the devices and simpler interconnections to the embedded 
actuators and sensors.
Some o f the materials used to build smart systems are shape memory alloys(SMA), 
polymers, piezoelectric ceramics, magnetorestrictive alloys, optical fibers, conductive 
polymers, and electrorheological fluids.[9] Piezoelectric materials and magnetorestrictive 
materials are the "fast-twitch muscles of power" for short duration at high strain rates. 
Shape-memory alloys can transform heat into mechanical work.[9] A brief description of the 
most utilized materials is presented below.
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51.2.1 Magnetorestrictive Alloys
When a magnetorestrictive material is magnetized, it changes shape which in turn 
introduces elastic strains in the material; e.g., Terfenol-D, Metglass, etc.[27, 28] Terfenol-D 
is the most commonly-known magnetorestrictive material which is capable o f strains up to 
0.2%. Advantages over piezoelectric ceramics include reliability, stable material properties, 
ability to manufacture and flexibility. Disadvantages are that most magnetorestrictive 
materials require large magnetic fields for actuation, and some of them (e.g., Terfenol-D) 
cannot be build into composites. [22] Applications include sonic actuators, active vibration 
control, geophysical exploration, and ultrasonics. [29]
1.2.2 Shape Memory Alloys
A shape memory alloy (SMA) is a material with the ability to recover its shape when 
activated by an external thermal stimulus. [22] William Buehler found that nickel-titanium 
alloy, called nitinol, held a special property. It remembered and returned to its original shape 
after being formed into a second shape and then heated. [30]
The SMAs are capable of directly transforming heat ( produced by fluids, gases, or 
electricity) into mechanical work. Disadvantages of SMAs are large hysteresis and a low 
bandwidth during the cooling half-cycle. Advantages are high force output and high 
resistivity. [22]
1.2.3 Electrorheological Fluids
Electrorheological Fluids (ER) are actuator materials containing particles suspended 
in a non-conducting fluid. The fluid solidifies when exposed to an electric field. [9] The ER
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6fluids exhibit coupling between their fluid dynamic and electrical behavior. When exposed 
to an electrical field, their viscosity, damping capability and shear strength increase. [22] 
Applications include aircraft that stiffen in rough weather, automotive shock 
absorbers, and marine hulls that flex to escape detection by enemy sonar. [9]
1.2.4 Piezoelectric Materials and Polymers
The label “smart” materials originated with the discovery called piezoelectricity made 
by Jacques and Pierre Curie in 1880. They discovered piezoelectricity in quartz and 
Rochelle salt where the piezoelectric effect is inherent to the material.[31]
There are various crystals that exhibit polar effects such as piezoelectricity, 
pyroelectricity, and ferroelectricity. Piezoelectric crystals become electrically polarized or 
undergo a change in polarization when subjected to stress. Pyroelectric crystals are 
spontaneously polarizable where a temperature change in these materials produces a change 
in polarization. A limited number of pyroelectric crystals can change the direction of 
spontaneous polarization by application of an electric field. Such materials are termed 
ferroelectric. Hence, all ferroelectric crystals are pyroelectric and all pyroelectric crystals 
are piezoelectric, but not vice versa. [26] Ferroelectricity is the presence of a spontaneous 
momentum on a crystal which can be changed in its orientation between two or more distinct 
crystallographic directions by the application of an external electric field. [25, 26]
Piezoelectricity can be induced, since for a piezoelectric interaction to exist, it is 
necessary that certain crystalline axes posses polarity [25]. Polarity can be induced in an 
otherwise isotropic polycrystal ceramics permanently, by the application of a strong electric 
field. This process is called poling.
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7Poling is analogous to magnetizing a ferrous metal, such as iron. Iron must be poled 
to become active; hence, piezoele7ctric ceramics are ferroelectrics. For piezoelectric 
materials, poling is accomplished by the application of a strong DC electric field to the 
electroded ceramic shape, generally in a fluid with high dielectric constant. [25] The stronger 
the field and the longer it is applied, the higher the degree of orientation and the stronger the 
piezoelectricity. This is valid only to a point in which any additional effect is not really 
noticeable. The magnitude of the strength of this effect depends strongly on material 
composition. Because of the different compositions among ceramics, poling conditions 
must be determined experimentally, making the discovery of the poling process one of the 
basic steps in the understanding of piezoelectricity in ceramics.[26]
Materials such as PVDF (poly-vinylidene fluoride) polymer, and PZT (lead zirconate 
titanate) can act as smart material actuators or sensors depending upon their polarity. [9]. 
The film product, poly-vinylidene fluoride polymer (PVDF), discovered by Kawai[32], is 
characterized by flexibility, light weight, and inexpensiveness. It has a higher voltage limit 
with lower stiffness and coupling coefficients than other materials mentioned above, and it 
is better used for sensor applications. PVDF materials are available in large sheets of thin 
film that are easy to shape into specific geometries to implement modal actuators and modal 
sensors for the control and sensing of flexible structures.[9, 33] Conversely, the discovery 
of a very strong and stable piezoelectric effect in PZT solid solutions constituted an advance 
of great practical importance, making lead zirconate titanate with various additives the most 
important group of piezoelectric materials.[34] Also, Pb(Zr, Ti)03 , lead zirconate titanate, 
is the most widely used piezoceramic in various solid solutions because of its large degree
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8of orientation and high spontaneous polarization, combined with high permanent polarization 
and high dielectric constant. [35]
Because of their unique properties, a variety o f PZT materials have been developed 
to suit a wide range of signal transmission and reception requirements. [36] Among them 
are, Unimorphs®, Bimorphs®, RAINBOW”* (Reduced And INtemally Biased Oxide Wafers), 
Moonies, Stacks, and THUNDER™ (THin layer composite UNimorph ferroelectric DrivER 
and sensor).
1.2.5 Unimorphs® and Bimorphs®
These materials are defined by the number of piezoelectric ceramic plates - one plate 
is bonded onto an elastic shim (Unimorph®) or two ceramic plates are bonded together on 
a common electrode plate (Bimorph®). Bimorphs® cause bending deformation because two 
piezoelectric plates are bonded together and each plate simultaneously produces an extension 
and contraction under an electric field.[13, 22]
Since the fabrication process is simple, and large magnification of the displacement 
is easily obtained, this structure has been widely used. However, it has a low response 
frequency (1 kHz) and low generative force. [13]
1.2.6 MOONIES
The origin of the name “Moonie” comes from the moon-shaped spaces between metal 
end caps and the piezoelectric ceramic. [3 7] The Moonie has intermediate characteristics 
between the conventional multilayer and Bimorph® actuators, exhibits an order-of-
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9magnitude larger displacement (100pm), and much larger generative force (lOKgf) with 
quicker response (lOOps) than the Bimorph®. [13]
1.2.7 RAINBOW™
RAINBOW™, Reduced And INtemally Biased Oxide Wafers, are structurally similar 
to standard piezoelectric Unimorphs®.[38, 39] A RAINBOW™ ceramic is a monolithic 
structure with an integral electrode that is fabricated to place an internal compressive stress 
bias on the piezoelectric element.[40] The process renders one side of lanthanum zirconium 
titanate (PLZT) ceramic inactive, making it act like an integral stationary metal shim. The 
RAINBOW™ reduction process involves placing graphite (carbon) block on one side of the 
wafer and a zirconia plate to protect the active side. The assembly is then put in a furnace 
heated to 975°C for an hour. [23, 24, 25, 33, 41, 42]
Typical performance ranges for the RAINBOW™ actuator are displacements of less 
than 1000pm, forces of less than 500N, frequencies of less than 10kHz, and temperatures 
below 100°C.[43] However, a 10% decrease in displacement after 107 cycles under no load 
has been measured, along with a 40% decrease in displacement after 107 cycles under 300grf. 
[34]
1.2.7 THUNDER™
The new piezoelectric device, THUNDER™, developed at NASA Langley Research 
Center, is composed of a ferroelectric material which is prestressed against a foundation 
material (glass, metal, etc). This new piezoelectric device is based on a piezoelectric ceramic 
wafer attached to a metal backing using a polyimeric adhesive.[44] The ferroelectric
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
material used in the manufacturing process consists of a piezoelectric wafer laminated 
between layers of materials, such as aluminum, stainless steel, beryllium, etc., bonded with 
a polyimide adhesive created at NASA.[45,46] In this manner, a more durable, rugged, and 
more flexible actuator and sensor is obtained.[47, 48, 49, 50, 51, 52] Two clear advantages 
of this new piezoelectric device class over others are ease of fabrication and the ability to 
create application-specific devices.
Because of the diversity of construction techniques for a THUNDER™ device, its 
characteristics vary from configuration to configuration. This fact makes THUNDER™ a 
flexible actuator that can be adapted for each particular application. For example, a device 
can be designed that produces more force than displacement at a particular frequency. Since 
a THUNDER™ device behavior is dependent on several factors, such as mounting, poling, 
voltage, frequency, metallic layer thickness, and shape, most of these are addressed herein.
The subject of smart materials was investigated specifically for the purpose of 
creating an actuator suitable to be used in flow-separation control applications. Hence, a 
review of the traditional passive and active devices used in this area is appropriate and is 
presented below.
1.3 Flow-Separation Control
Flow separation can cause loss of energy and instability, in such a manner that it can 
reduce the performance of fluid-handling machinery such as pumps, turbines, fans, etc., as 
well as airborne or seaborne vehicles. When flow separates, more power is required to 
compensate for energy loss, stalling, etc., which can destroy or damage human bodies and 
machines. [53]
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The onset o f flow separation is determined by the characteristics of the flow along 
a wall, so that in two-dimensional flow, the criterion for separation is zero pressure gradient 
at the wall or zero wall ffiction.[56] In another words, the interconnection between surface 
streamlines and viscosity in a flow separated region, may be found by surface streamlines 
which define a skeleton structure of the viscous region. In this manner the separation 
criterion is given by,
^~\y=0 = 0 (1)dy
where q is the component of the velocity in the direction perpendicular to the separation line. 
In short, adverse pressure gradient and fluid viscosity are two key factors that affect flow 
separation. [54]
Many techniques have been utilized to detect the onset of flow separation over the 
years. Flow visualization is one of the techniques most frequently used, since it is simple and 
the overall flow pattern can help to determine whether or not separation takes place. 
Parameters observable include pathlines or particle paths, streaklines, and in limited cases, 
streamlines. [53] Consequently, smoke flow visualization has been widely utilized by many 
researchers to investigate the steady and unsteady effects of geometry and other parameters 
on flow separation. [55, 56, 57, 58] Other techniques include hot-film gages, [59, 60, 61] 
surface pressure measurements, [62, 63] and computational methods. [64, 65]
Once flow separation can be identified, techniques to control it can be investigated 
and successfully tested in theory, as well as in practical applications. For instance, suction, 
blowing, riblets, etc., have proven to be successful techniques for delaying or preventing the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
onset of separation. [66,67] The choice of flow-separation-control technique is dictated by 
system considerations, such as parasite or device drag, system complications (due to weight, 
volume, complexity, and structural considerations), cost, reliability, performance sensitivity, 
and geometry.[68, 69] Typically, research on separation control devices involves limited 
parametric studies of a particular device or approach, as applied to a particular flow situation. 
For example, on a pitching delta wing, separation occurs in a cyclic manner, making its 
control more difficult, [70] and techniques for its control have been proposed. [71] If this 
type o f flow is suitably controlled, dramatically enhanced agility could be conferred to 
aircraft performance. [72]
The optimum standby separation control scheme for an application should use the 
best combination of the following criteria: minimum system penalty when not deployed 
(minimum volume and weight addition, low pressure drag), effectiveness in controlling 
turbulent flow separation, passive operation, and rapid deployability.[46] Some techniques 
for controlling flow separation are, transverse and longitudinal surface grooves, riblets, 
passive porous surfaces, vortex generators (VG's), large-eddy breakup device (LEBU) at an 
angle of attack, spanwise cylinders, arches, Helmholtz resonators, Viets' fluidic flappers, 
vortex generator jets, and wall cooling.[46] Of all these techniques, the most effective are 
briefly introduced in the following sections.
1.3.1 Vortex Generator Jets
Vortex generators Jets (VGJ), consist of holes in the surface inclined at an angle to 
the surface, skewed with respect to the fxeestream direction, and arrayed along the surface 
much like classical vortex generators. Their effectiveness on separation control has been
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studied by many researchers. [73, 74, 75] For instance, Selby, et al., investigated VGJ 
effectiveness over a two-dimensional rearward-facing ramp. They found that VGJs are 
effective in reducing separation by up to 90%, and their effect lasted for at least 40 times the 
boundary-layer thickness. [46] Applications include air injection on an axial compressor to 
control rotating stall and theoretical models to actively control stall have been proposed.
[76]
1.3.2 Large-Eddy Breakup Device at Angle of Attack
A Large-Eddy Breakup Device (LEBU) is a thin spanwise ribbon or airfoil, with 
chord on the order of magnitude of the boundary-layer thickness, placed in the outer part of 
the boundary layer (parallel to the wall in order to alter the turbulence structure). [45] 
Under laboratory conditions, it has been established that LEBUs reduce the local skin 
friction downstream of tandem ribbons in a turbulent boundary layer by a large percentage.
[77] However, LEBUs produce a net drag increase. A very detailed summary and study of 
the effectiveness of LEBU’s has been published by Lynn, et al.[78]
1.3.3 Submerged Vortex Generators
Of the techniques mentioned above, classical vortex generators are of particular 
interest because of their overall characteristics. In internal flows, they are used to prevent 
flow separation and to reduce total pressure distortion.[79]
There are many kinds of VG's, such as small transverse and swept grooves, boundary 
layer fences, and vertical flaps. [46, 80] Among the most used are the vane-type VGs 
introduced by Taylor.[81] They consist of a row of small plates or airfoils that project
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
normal to the surface and are set at an angle of incidence to the local flow to produce single 
trailing vortices. Flow visualization results for a pair o f vane-type vortex generators have 
indicated that each pair provides attached flow directly downstream.
Several passive and active separation control techniques, of the ones mentioned 
above, were investigated by John Lin, et al., for controlling two-dimensional turbulent flow 
separation over a backward-facing ramp.[46] They concluded that the vane-type vortex 
generators (VG's) reduced the extent of separation by almost 90%, when placed properly. 
However, since the VG represents an obstruction in the flow, there is a drag penalty for its 
use.[46] Furthermore, vortex generator position and geometry are key factors in achieving 
control of the flow around a body. [82]
Actively-controlled VG's, which would automatically deploy when separation is 
imminent, would be a major advance in research involving flow separation control and drag 
reduction, for both aerospace and non-aerospace applications. Many researchers have proven 
the effectiveness o f submerged flow control devices in different flow situations. [83, 84, 85, 
86, 87, 88, 89] Attempts to study the effects of an oscillating plate immersed in a turbulent 
boundary layer were performed by Miau, Cheng, and Chou [90] and they found that there 
is a critical frequency for the oscillating plate where the flow becomes quasi steady, which 
suggests that a moving vortex generator may alter the flow favorably and can be controlled 
depending on the physical conditions (landing, angle o f attack, etc.) Other studies which 
include mechanical actuators embedded in a delta wing, discuss the feasibility of active 
control of the pitching of the wing.[91] The major disadvantage of such an approach is added 
weight and the difficulty of installing a device on the original structure.
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1.4 Research Objectives
The objective o f the present research is to design, construct, test, and characterize 
an actuator to be used in a flow-separation-control system. This project is multidisciplinary 
in nature and requires knowledge of flow physics, automatic control theory, design of 
mechanical systems, and materials science. Because of the unique characteristics of 
THUNDER™, it was desirable to determine if  it can be used in flow-separation control, 
especially in conjunction with vortex generators.
Performance characteristics of a specially designed THUNDER™ actuator have been 
investigated. Parameters such as displacement, frequency, size, shape, mounting, and 
effects as a vortex generator on the separated flow over a ramp has been investigated.
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CHAPTER n  
EXPERIMENTAL SETUP
Experiments were conducted in two different stages—general THUNDER™ 
characterization and wind tunnel THUNDER™ applications. The first part of the experiments 
were conducted at NASA Langley Research Center and the Face R&D Laboratories. The 
wind tunnel experiments were conducted at Old Dominion University. A description of the 
equipment used in each facility and each experimental setup utilized is presented below.
2.1 Experimental Setup at NASA Langley Research Center
The electromechanical characterization of the present class of piezoelectric devices 
was performed at NASA Langley Research Center using a data acquisition system composed 
of computer controlled hardware and software that provided flexibility in measuring the 
pertinent parameters. The hardware used included a portable computer equipped with an 
IEEE 488 interface card; a Wavetek Synthesized Function Generator (Model 23) with an 
IEEE interface; a TREK Power Supply/ Amplifier (Model 70/750); an optical-fiber-based 
Angstrom Resolver Series (Dual Channel Model 201); a Dual Channel Low Pass Filter 
(Model SR640); a Hewlett-Packard 4-channel Oscilloscope (HP54601A with an IEEE 
interface); and a Hewlett Packard Impedance Analyzer (HP-4192A with an EEEE interface). 
All of the hardware was monitored and controlled using Lab VIEW™ software .
The function generator had a range of lOmHz to 12MHz frequency range and was 
equipped with an IEEE interface card that allowed it to communicate with the personal 
computer. The power supply had a 0 - 1500 volt output range at 50mA, 100 mA peak
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current (for 10 s into capacitive or resistive loads). It used a floating output driver, allowing 
the instrument to be configured to produce an output voltage range of 0 V to +1500 V, 0 to 
-1500 V or -750 V to +750 V. It featured adjustable DC gain in the range of 15 to 300 V/V 
and AC response controls that permitted handling of different capacitive loads.
The Angstrom Resolver Series is an optical fiber based, non-contacting, high 
frequency, high resolution surface motion transducer system. Each sensor was calibrated and 
a linear relationship between voltage measured and travel distance was used to reduce data. 
Each calibration curve had two linear ranges and depending on the ranges expected, front or 
back slope was chosen. (See Figure 2.1) Also each sensor operated over a different 
measurement range. Channel B was used to perform the present measurements with a linear 
range between 0 to 0.635 mm (25 mils, back slope), and an accuracy of 0.127p/VHz. A 
schematic of a basic 7-fiber optic lever is shown in Figure 2.2.
The Impedance Analyzer was used to measure parameters such as capacitance as a 
function of frequency. It can operate on frequencies between 5 and 13MHz with a ImHz 
resolution. This device measures 11 impedance parameters (i.e., capacitance, impedance, 
phase angle, etc.) and has a DC bias of up to 35V.
2.1.1 Displacement Measurements
A schematic of the control loop for displacement measurements is presented in Figure 
2.3. This control loop is composed of the computer, which is connected to the function 
generator that controls the power supply to drive the piezoelectric device. The optic sensor
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
measures the displacement through a filtered signal fed back to the computer through a 
digitizing oscilloscope.
Since many variables affect the behavior of the THUNDER™ elements, the 
characterization was divided into several phases. The first phase involved poling of the 
elements. The second phase consisted of measurements of displacement as a function of 
voltage at a constant frequency, and the third phase consisted of measurements of 
displacement as a function of frequency at a constant voltage.
Poling, the first phase, was controlled using a Lab VIEW™ program (see Figure 2.4), 
which activated the function generator, resulting in the input of a voltage offset to the power 
amplifier. This was the DC voltage required to pole the THUNDER™ element. This DC 
voltage was applied for a predetermined period of time (usually 2 minutes) and then was 
reduced to zero.
The second stage was facilitated using Lab VIEW™ software, shown in Figure 2.5. 
The program controlled variables such as voltage, frequency, voltage offset, and channel 
over which the optic sensor displacement measurements were transmitted.
The control loop for data acquisition began with a signal transmitted from the 
computer to the function generator, which produced a small AC signal (0-5 VAC) at a 
particular frequency. This AC signal was an input to the amplifier, which amplified the 
signal 150 times, producing the desired voltage in a range between 100 to 400 VAC, 
depending on the desired voltage to drive the THUNDER™ element. Modeling clay was 
used to freely attach (at four comers) the piezoelectric device to a stationary platform (see 
Figure 2.6), and an optical-fiber-based sensor measured and monitored the displacement at 
a location near the center of the piezoelectric device. This displacement signal was passed
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through a filter set at 5 kHz in order to eliminate noise. The signal from the filter was then 
displayed on the oscilloscope, along with the signal driving the piezoelectric device, so that 
the performance of the device under study could be actively monitored. The oscilloscope 
digitized the signal and transmitted it to the computer, where all the necessary conversions 
were performed to obtain displacement of the THUNDER™ device. See Figure 2.7 for a 
schematic o f the aforesaid setup.
The Lab VIEW™ program used during the last phase of the characterization was 
designed to drive the THUNDER™ element at a constant voltage, and perform a sweep 
through predetermined frequencies. A view of the monitor output associated with this 
program is presented in Figure 2.8.
2.1.2 Capacitance Measurements
The Impedance Analyzer was used to measure the capacitance of the piezoelectric 
devices over a range of frequencies. This was accomplished using another Lab VIEW™ data 
acquisition program (see Figure 2.9), that stored the values measured for further processing.
2.2 Experimental Setup at Face International Corporation
This section was performed at the Face R&D laboratories using a data acquisition 
system which included an optical-fiber-based Angstrom Resolver Series (Dual Channel 
Model 201, manufactured by Opto Acoustic Sensors); a Tektronix 4-channel Digitizing 
Oscilloscope (model TDS-420A); a Hewlett Packard Synthesizer/Function Generator (model 
HP-3325A); a National Instruments data acquisition card (model LabPC+); a TREK Power 
Supply/Amplifier (Model 70/750); and a Hewlett Packard Impedance Analyzer (HP-4192A
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with an EEEE interface). All of the devices described were monitored and controlled using 
Lab VIEW™ software.
2.2.1 Force Measurements
Force measurements were performed using a specially designed attachment for 
THUNDER™ rectangular devices. See Figure 2.10 for more details. This mechanism 
allowed the THUNDER™ device to be loaded with different masses, and at the same time, 
the THUNDER™ performance could be monitored (See Figure 2.11). The purpose of the 
rod on the mechanism was to keep the mass balanced while the THUNDER™ actuator was 
moving. Measurements performed in this manner were applicable for low frequencies only.
2.2.2 Life-Cycling Measurements
Life-cycling tests were performed on an accelerated basis. The test consisted of 
monitoring the displacement of a selected type of THUNDER element, with the equipment 
described above, at set intervals of time, besides visual inspection of cracks. The power 
supply (Face International Corporation) utilized produced a square wave at 375 Vpp. The 
specimens where tested close to their first mechanical resonance in order to accelerate the 
results of these tests, since the number of cycles is defined by the following equation.
No. o f cycles -  f ' t  (2.1)
w here/is the operating frequency in Hz, and t is the time in seconds.
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2.3 Wind Tunnel Setup
Flow visualization, and other experiments were performed in an open-loop subsonic 
wind tunnel with a test section of 55.8 x 5.08 x 15.2 cm (22 x 2 x 6 in). This facility can 
achieve speeds of up to 30 m/s. In order to ensure uniform flow conditions, a speed of 24 
m/s was used for all experiments. The length of the tunnel was 3.83 m, which included the 
inlet section, the settling chamber, the contraction, the test section, the diffuser, driver 
system, the exhaust, and a smoke flow visualization system. See Figure 2.12.
The wind tunnel was mounted on 0.483 cm (19 in) relay racks 121.9 cm (48 in) tall 
that were reinforced with aluminum stock to provide stability, as well as support for the 
tunnel. The test section, the drive system, and the diffuser were mounted on a rail system 
to allow movement and precise alignment between sections, which provided high quality 
flow as well as accessibility. The tunnel was built with several additional features to ensure 
flow quality; a test section inlet and diffuser made of hand laid fiberglass-epoxy; the test 
section precisely aligned with the end of the contraction (See Figure 2.13); the contraction 
with a sinusoidal profile; the motor fan assembly mounted on isolation mounts balanced with 
static weights; and the drive system isolated with a flexible rubber coupler from the diffuser. 
Finally, the test section was designed so that front and rear wall could be independently and 
simply removed for ease of access. The drive system (See Figure 2.14) consisted of a 
squirrel cage fan (Daytona model 1C792), an AC drive motor (Reliance Electric, 0.75 hp, 
and 1725 rpm), an industrial motor speed control with a tachometer feedback, and an anti­
vibration system. The AC motor drive and the tachometer feedback helped provide the 
tunnel test section with constant speed flow.
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The flow visualization system (built by NASA Langley Research Center, 
Microelectronics Development Section) consisted o f a power supply, three timers, an 
automatic oiler system, and a light system (See Figure 2.15). The power supply provided 
current to a 0.010 cm (4 mil) diameter Inconel resistance wire which carried the oil (SAE - 
10W40). The three timers controlled current flow through the wire, trigger time, and 
perform other auxiliary events. The oiler system consisted of a reservoir located at the 
interface of the inlet and settling chamber of the wind tunnel, which had a wire passing 
through it, cable connections to the wire, and a built-in slider system. The first timer 
controlled the amount of current supplied to the wire, and needed to be monitored and 
adjusted, depending on the tunnel flow rate, in order to produce full burning of the oil. The 
second timer controlled the triggering of the flash and the third timer was used for auxiliary 
purposes. Finally, the flash had a focused light beam with a conventional zeon light system. 
A cylindrical lens produced a uniform sheet of light (See Figure 2.16).
Two different cameras were used to capture flow visualization images a Polaroid with 
bellow system for daylight and room photography and a 35 mm camera. The Polaroid 
camera was mounted on a tripod and the 35 mm camera was mounted on the wind tunnel 
camera support system. The mounting system allowed for movement along the test section 
and out o f the plane of the tunnel. In this manner, the position of the camera was fixed with 
respect to the tunnel in order to allow a high degree of repeatability for the flow visualization 
experiments.
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2.3.1 Model Description
The baseline separation model was a two dimensional 25 ° ramp with an 20.32 cm 
shoulder radius. The width of the model was 5.08 cm, which spanned the test section. The 
length was 27.84 cm. This model produced reasonably two-dimensional separated flow at 
approximately the beginning of the ramp. See Figure 2.17 for a schematic of the wind 
tunnel setup.
Two backward-facing steps were built based on the results produced by Lin. [54] The 
first model was 5.08 cm wide and 27.84 cm long with a rounded nose and a smooth ramp 
(See Figure 2.18). The purpose of this model was to conduct preliminary tests to determine 
the optimum location of vortex generators. Using the results presented by Lin, several 
locations were tested using a 0.025cm-diameter boundary-layer probe and a height gage. 
The second model (same dimensions) was made hollow to include a THUNDER™ device, 
and a support structure spanning the width of the inner section of the model. The electrical 
connections to the THUNDER™ device were made through an aperture of0.004 cm diameter 
in the rear of the tunnel test section.
The piezoelectric device was powered by a TREK power supply with connections to 
a PC (data acquisition card). The computer transmitted a signal to the power supply for DC 
voltage or an AC signal that could be selected at a particular frequency. See Figure 2.19 for 
a schematic of this control loop.
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CHAPTER m  
THUNDER™ CHARACTERIZATION
3.1 General
The characterization of the piezoelectric devices was performed in several stages, due 
to the many variables that affect their performance. Among those variables, the most 
important are frequency, voltage, shape (radius of curvature), physical dimensions, number 
of layers and amount ofpre-stressing material, type of material, poling voltage, and clamping 
procedure. In order to control these variables, all the ceramic wafers used in the first stage 
of the characterization were poled PZT-5A wafers manufactured by MORGAN MATROC, 
Inc., with dimensions of 6.35 x 3.81 x 0.018 cm. Furthermore, the piezoelectric devices were 
clamped using modeling clay to allow relatively unrestrained motion with a physical 
boundary.
Since the ceramic type (PZT-5A), dimensions, and clamping procedure were kept 
constant, the remaining variables were driving voltage, frequency, shapes, number of layers 
and backing material. The driving voltage was varied between 100 and 400 Vpp in 50-volt 
increments and the frequency was varied between 1 and 1000 Hz for each case tested. The 
device configurations included three different metals - aluminum, stainless steel, and 
beryllium copper of different thicknesses and number of layers. Each configuration had a 
layer of 1-mil of 3% offset LaRC-SI film between the layers, and all materials were primed 
with LaRC-SI solution in a 10% solid concentration. All the metallic foils used were 1-mil 
thick, except where noted. One set of configurations of piezoelectric devices had 1, 3, 5, 7,
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or 9 layers of 1-mil thick aluminum as the backing material, in order to determine the effect 
of backing thickness on device performance. A second set of devices was prepared with one 
layer of 1-mil thick aluminum above the ceramic wafer and 1, 3, 5, 7, or 9 layers of 
aluminum as the backing material. A description of the manufacturing process of a Typical 
THUNDER™ device is described in detail in Appendix A, and a summary of the 
configurations tested is presented in Table 3.1.
3.1.2 Displacement-Frequency Profiles
The first set of experiments involved measurements of displacement as a function of 
frequency (between 1 and 1000 Hz) at a fixed voltage. The objective of these tests was to 
determine if the process of manufacturing the piezoelectric devices resulted in a loss of 
polarization. Hence, this set of tests was performed on devices with poled ceramic wafers, 
as they were obtained from the manufacturer. Voltages were varied between 100 and 350 
Vpp. These results are presented in Figures 3.1 through 3.13 for the thirteen configurations 
tested during this phase. It is important to note the resonant frequency for most 
configurations tested occurred between 100 and 200 Hz, suggesting that the resonant 
frequency is independent of configuration (thickness, driving voltage, etc.), but related to 
other geometric constants such as mounting and dimension. Although data points are often 
connected in Figures 3.1 to 3.13 in the region above the probe limit and near resonance, 
trends may be different than inferred in those regions.
In order to compare the performance of the various configurations, data were 
examined at three values of frequency at 200 Vpp. The frequencies chosen were 1,10, and
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100 Hz. These measurements should only be interpreted as characteristic of trends in 
piezoelectric device behavior. A summary is presented in Table 3.2.
These results are better analyzed if they are arranged differently. Taking into account 
all configurations that do not have a layer of material on top of the ceramic wafer (designated 
as x/Al) and using the theoretical backing thickness of the piezoelectric device, Figure 3.14 
was produced. This figure generally indicates an increase in device displacement as the 
number of layers of backing material is increased, except for the configuration with 5 layers 
of backing material at the bottom. This graph also shows that when the backing material 
exceeds 7 layers, the displacement decays. The theoretical bottom thickness was determined 
in the following manner:
Configuration 3(0/3-x/Al): 3 layers of backing material 
Configuration 8(l/7-Al/Al): 7 layers of backing material
The same data for configurations with a metallic top layer (Al/Al configurations) are 
presented in Figure 3.15. It is evident that displacement for Al/Al configurations is generally 
significantly less than for x/Al configurations, indicating that the top layer of material 
attenuates the movement of the piezoelectric device.
Since Figure 3.14 for x/Al configurations shows an irregular value for the 
configuration 3, a suggested trend is shown in Figure 3.16, upon including data for 
configuration 10. These two configurations are equivalent, since the total backing thickness 
is approximately equal for the configurations.
In order to verify that piezoelectric device performance was independent of the 
degree of poling of the devices, additional tests were performed after the devices were re­
poled. A DC voltage o f420 V was applied for 5 minutes to each device. The poling time
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of 5 minutes was chosen because the capacitance of the piezoelectric device was found to be 
constant for poling times of 1, 3, 5, and 10 minutes.
After re-poling, a sequence of tests was performed on all configurations. The 
capacitance was measured as a function of frequency and displacement was again measured 
as a function of frequency (between 1 and 1000 Hz) at fixed voltages. These results are 
presented in Figures 3.17 through 3.27. Once again, selected displacement data (at 
frequencies of 1,10, and 100 Hz) are presented in Table 3.3 at an applied voltage of200Vpp.
It can be observed that the resonant frequency still occurs between 100 and 200 Hz 
after re-poling. This observation reinforces the conclusion that resonant frequency appears 
independent of the variables examined in the present research. These data are presented 
again in Figures 3.28 and 3.29. These figures show a clear relationship between the total 
bottom layer thickness and device displacement, and an overall performance improvement 
over the results obtained before re-poling (see Figures 3.14 and 3.15). A more detailed 
comparison can be seen in Figure 3.30. In addition, a different trend is shown for the Al/Al 
configurations in Figure 3.29, as compared to the results for the same configuration as shown 
in Figure 3.15. The latter pattern is in better agreement with data for the x/Al configurations.
3.1.3 Capacitance Measurements
To further identify the causes for the differences in displacement performance, 
capacitance measurements were made at different processing/testing stages. The results are 
shown in Figures 3.31 through 3.37. The capacitance measurements were performed on the 
poled ceramic wafer before processing, the piezoelectric device after being processed prior 
to being re-poled, and finally, the piezoelectric device after re-poling. Interesting device
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behavior can be observed in Figures 3.31 through3.34. For these configurations (1,2,3, and 
5), there is a significant variation in capacitance for the three tests. The most significant 
differences are between measurements obtained before and after re-poling. These data 
suggest that the piezoelectric devices may become depoled at the time of fabrication and 
therefore, need to be re-poled. However, not all configurations displayed this behavior. For 
instance, Figures 3.35 and 3.36 show almost no change in capacitance during the processing 
stages. This fact may be due to the use o f different metals in the piezoelectric devices 
(stainless steel versus aluminum).
3.1.4 Displacement-Voltage Profiles
Due to the vast amount of data available, displacement as a function of voltage is 
only presented at 1 Hz for some of the most relevant configurations. Figures 3.38 through 
3.42 show a linear relationship between applied voltage and displacement with only a small 
hysteresis effect.
The slope of the displacement-voltage curve for configuration 1 (Figure 3.38) is less 
than the slope o f the curves for configurations 2 through 5 (Figures 3.39 through 3.42, 
respectively). However, the slopes for configurations 2 through 5 display little variation. 
Figure 3.43 shows displacement-voltage data for configurations 6 through 9 (Al/Al 
configurations) and Figure 3.44 shows the same data for configurations 10, 12, and 13. 
These figures indicate that the slopes for configurations 2 through 5 are greater than the 
values for configuration 6 through 9. However, the greatest slopes are exhibited for 
configurations 11 and 13 (Figure 3.44).
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3.1.5 Hysteresis
The oscilloscope plots presented as Figures 3.45 through 3.49 show the response of 
the piezoelectric devices to an applied AC sinusoidal signal. As Figure 3.45 shows, at 1 Hz 
there is no phase shift between the driving voltage (Vpp(l)), and the measured displacement 
(Vpp(2)) for configuration 4. Furthermore, the hysteresis is very small at this frequency, as 
can be seen in Figure 3.46. However, as the frequency increases, a phase shift between the 
driving voltage and the displacement o f the device appears (Figure 3.47), as well as an 
increase in hysteresis (Figure 3.48). These results are consistent with data presented in 
Figures 3.4 and 3.19, that show that a frequency o f350 Hz is close to the resonant frequency, 
and therefore results in unreliable measurements.
3.1.6 Summary Graphs
In order to show the difference in performance among the x/Al configurations before 
and after re-poling, Figures 3.49 and 3.50 are presented for an applied voltage of 200 Vpp. 
This value of voltage was chosen for convenience, since all the piezoelectric devices had 
measurable displacement values at this voltage. These figures indicate that the configuration 
that produced the most displacement (under no load) was configuration 4 (0/7-x/Al) at all 
frequencies measured (1-1000 Hz).
Finally, Figures 3.51 and 3.52 show the data for configurations with different backing 
materials. These data indicate that stainless steel may be the most effective material to use 
as a backing for the lower layers of the present class of piezoelectric devices at low 
frequencies (1-10 Hz).
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3.2 Specialized Designs
In order to corroborate the theories mentioned above, other THUNDER™ designs 
were considered, as well as more specific parameters tested. The different THUNDER™ 
devices tested were measured in a pin-free configuration (see Figure 2.11) at a relatively low 
voltage (200 V^), at a frequency of 1 Hz, and under loads o f 0,0.2, 0.4,0.5, and 1 Kgf. The 
load was attached to the THUNDER™ device using the structure shown in Figure 2.10. This 
structure has a threaded bar that keeps the weight balanced while the THUNDER™ actuator 
is moving, to facilitate accurate monitoring of displacement performance. This procedure is 
valid only for measurements at low frequencies. Two sets o f models (I and II) were designed 
with different dimensions, but the same PZT properties (such as dielectric constant, density, 
etc.). See Table 3.4 for a description the ceramics materials used in these models. The two 
sets of models included a different combination of top layers of 1 mil ( 0.0254 mm) 
aluminum and brass and bottom layers of stainless steel, aluminum, and brass of varying 
thicknesses (3, 4, 5, 7, 9, 10 mil [ 0.076, 0.102, 0.127, 0.178, 0.229, 0.254 mm]). A 
description of the construction of each set is presented in Tables 3.5 (model type I) and 3.6 
(model type II).
For the two sets of THUNDER™ models, displacement was measured and the results 
are presented in Figures 3.53 and 3.54. It can be observed from these results that there is a 
particular case that generally has a higher displacement than the others. For model type I 
(Figure 3.53) the case that usually produced the most displacement with or without load was 
3a. However, when the load became greater than 0.5 Kgf, all the models essentially 
displayed the same displacement. For model type II (Figure 3.54) the case that produced the
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most displacement was 2b. Again, with a load of 1 Kgf, most models performed similarly 
(less than 1 mil displacement).
3.2.1 Load-Displacement Profiles
Non-dimensional displacement as a function of applied load for all models described 
above is presented in Figures 3.55 through 3.66. Measured displacement has been non- 
dimensionalized with respect to initial displacement. These results fit an exponential 
equation o f the form,
where 6 is the displacement of the device with a load W in grams, and 60 is the displacement 
under no-load. A summary of these results is presented in Table 3.7.
3.2.2 Impedance Measurements
The models mentioned above were also tested for impedance and phase, so that an 
equivalent circuit could be calculated (a description of the equivalent circuit used is 
presented in Appendix B). These tests were performed with the impedance analyzer with the 
device free (resting on a flat surface). Impedance curves, as well as phase angle data, are 
shown in Figures 3.67 thru 3.78. The equivalent circuit tested, shown in Figure 2.21, and 
the values for each component are shown in Table 3.8.
Note that the impedance curves show two basic resonant points at 350 and 780 Hz, 
between the measured frequencies of 100 to 1000 Hz, which makes the impedance values
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used for the calculation o f an equivalent circuit in that range, unusually large. This is due 
to the resonant points that again seemed to be mechanical.
3.2.3. Life-Cycle Tests
In order to perform accelerated life-cycle tests on the THUNDER™ devices, one 
model was chosen to be tested at frequencies close to a resonant point. These devices were 
clamped at the middle section of the device, between two pieces of plastic with elastomeric 
gum between them (to provide damping). For this case, the mechanical resonance was 75 
Hz. Displacement was monitored daily, as well as visual inspections for cracks or other 
defects associated with the elements.
One of the major concerns, during the two million cycles tested, was failure of the 
connections to the THUNDER™ device. The wires included in the models were not capable 
of sustaining the cyclic stresses associated with the movement of the device.
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Table 3.1 Test Configurations
CONFIGURATION DESIGNATION TOP LAYER BOTTOM LAYERS
1 O/l-x/Af none 1 layer of A1
2 0/3-x/Ar none 3 layers o f A1
3 0/5-x/Al+ none 5 layers o f A1
4 0/7-x/Ar none 7 layers o f AI
5 0/9-x/Alf none 9 layers o f Al
6 1/3-Al/Ar 1 layer o f A1 3 layers o f Al
7 1/5-AI/Ar 1 layer o f A1 5 layers o f Al
8 l/7-Al/Al+ 1 layer o f A1 7 layers o f AI
9 1/9-A1/A1* 1 layer o f A1 9 layers of Al
10 O/l-x/Al-5 none 1 layer of 5 mil Al
11 O/l-x/SS* none 1 layer of 1 mil SS
12 O/l-x/SS-3 none 1 layer of 3 mil SS
13 O/l-x/BeCu-2 none 1 layer of 2 mil BeCu
f 1 mil ( 25.4 microns = 0.0254 mm) layers o f A1
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Table 3.2
Performance at 1,10, and 100 Hz at 200 Vpp 
for all Configurations before Re-poling
CONFIGURATION Displacement (mm)
At 1 Hz At 10 Hz At 100 Hz
1 0.14 0.12 0.09
2 0.33 0.26 0.26
3 0.26 0.22 0.20
4 0.38 0.32 0.38
5 0.32 0.29 0.32
6 0.12 0.10 0.11
7 0.16 0.12 0.12
8 0.20 0.15 0.15
9 0.34 0.30 0.36
10 0.35 0.30 0.31
11 0.12 0.06 0.05
12 0.40 0.26 0.17
13 0.22 0.22 0.19
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Table 3.3
Performance at 1,10, and 100 Hz at 200 Vpp 
for all Configurations after Re-Poling
Configuration Displacement (mm)
At 1 Hz At 10 Hz At 100 Hz
1 broke — —
2 0.32 0.28 0.27
3 0.42 0.36 0.36
4 0.64* 0.58 0.64
5 0.36 0.34 0.42
6 0.26 0.24 0.36
7 0.36 0.34 0.46
8 0.27 0.24 0.26
9 0.24 0.21 0.19
10 broke — —
11 0.30 0.26 0.21
12 0.64* 0.64* 0.64*
13 0.36 0.34 0.36
*out of range, used maximum measurable value
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Table 3.4 Ceramic Wafers for Models Types I and II
Model
Type Manufacturer Classification
Dimensions (cm)
length width thickness
I Morgan Matroc PZT-5A 3.810 1.905 0.025
n Motorola PZT-3195HD 3.810 1.270 0.0203
Table 3.5 Cases Studied with Model Type I Ceramics
Case Top Layers
Bottom Layers
First Second Third
la 1 layer of Al 1 mil A1‘ 1 mil SS 1 mil SS
2a 1 layer of AI 1 mil Al 3 mil SS none
3a 1 layer of Al 1 mil Al 4 mil SS none
4a 1 layer of Al 1 mil Al 3 mil SS 3 mil SS
5a 1 layer of Al 1 mil Al 4 mil SS 4 mil SS
6a 1 layer of Al 1 mil Al 7 mil SS none
7a 1 layer of Al 1 mil Al 9 mil SS none
1 1 mil = 0.0254 mm
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Table 3.6 Cases Studied with Model Type II Ceramics
Case Top Layers
Bottom Layers
First Second
lb 1 layer o f Brass 4 mil SS none
2b 1 layer o f Brass 5 mil SS none
3b 1 layer o f Brass 6 mil SS none
4b 1 layer o f Brass 9 mil SS none
5b 1 layer o f Brass 5 mil SS 7 mil SS
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Table 3.7 
Coefficients for an Exponential Fit
A  = a .e ->■* a b R2
Cases
Units
non-dimensional units/g non-dimensional
la 1.0021 0.008 0.99
2a 0.9602 0.0028 0.95
3a 0.9785 0.0027 0.97
4a 0.9755 0.0029 0.99
5a 0.9596 0.0017 0.98
6a 0.9907 0.0033 0.99
7a 0.9499 0.0015 0.97
lb 1.0533 0.0011 0.97
2b 1.0483 0.0012 0.96
3b 1.0600 0.0014 0.97
4b 1.0771 0.0008 0.94
5b 1.0113 0.0003 0.94
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Table 3.8 Equivalent Circuit Parameter Values
Case R(kQ) L (H) Ca(nF) Cb(nF)
la 242 41 0.64 35
2a 277 53 0.61 34
3a 171 66 1.00 34
4a 49 24 1.21 29
5a 20 24 1.11 26
6a 147 97 0.34 30
7a 106 40 0.76 29
lb 105 72 0.53 24
2b 103 118 0.60 23
3b 158 116 0.47 23
4b 195 110 0.39 21
5b 350 554 0.05 20
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CHAPTER IV 
THEORETICAL FORMULATIONS
In order to explain the relationship between the number of backing layers of metal 
foil and displacement performance, a theory based on the neutral axis of a curved beam is 
suggested. Furman, Li, and Haertling [93] presented a similar theory for a different class of 
pre-stressed piezoelectric actuators (RAINBOW™). The actuator they analyzed was 
composed of an active layer (oxide layer) and an inactive one (reduced layer). They 
predicted that the maximum displacement should occur for an active over inactive layer 
thickness ratio of approximately one. This theory is based on neutral axis location and the 
fact the active and inactive layers of ceramic have the same modulus.
To identify the parameters that affect the piezoelectric device, curved beam theory 
is applied as an approximation. When a curved beam is bent in the plane of initial curvature, 
plane sections remain plane, the distribution of unit strain, and stress is not linear, and the 
neutral axis does not pass through the centroid of the section. [94] The location of the 
neutral axis is found by using the following, [95]
A
where R is the location of the neutral axis from the center of curvature (O') of the member, 
A is the cross-sectional area, and r is the arbitrary position of the element dA from the center 
(O')- See schematic on the next page for more details.
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Since all the specimens tested have the same cross-sectional area, the equation above 
becomes:
A b(r0 “rr) (To ~rl
6 In 6 In ro In
rr. rt_ r<.
This equation shows that the neutral axis depends only on the radius of curvature and not the 
cross-sectional area.
The radius of curvature of each specimen, was calculated using the formula below, 
where h and s were measured as shown in the schematic below.
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h s 2 -.Xr, = -  + ---- (4.3
2 8 h
In order to compare all the cases, two ratios are defined. First, the "active to inactive" 
ratio is defined as used for the RAINBOW devices. For simplicity, this ratio is defined as:
Active layer  thickness  ,a = ----------------   (4.2)
Inactive layer thickness
or,
top layers  + ceram ic th ickness  CL = — ---- -----------------------------------------
backing layers  to ta l thickness
Then, a second ratio is defined, which refers to the location of the neutral axis of the element, 
as:
( R~r,)
P = ----------- -^----   (4.5)
Inactive layer thickness
Using the above relations, the neutral axis of each specimen can be calculated. Only 
configurations after re-poling were considered, since there is more uniformity in these 
results. The results for the x/Al configurations can be seen in Table 4.1.
The active to inactive ratio was calculated using the ceramic layer as the active layer 
and the metal as the inactive, which predicts the 0/7-x/Al configuration as the one that 
produces the most displacement under no-load. To examine this result, the ratio defined as 
P (See equation 4.5) was calculated. If P is less than one, the neutral axis is located in the 
"inactive" layer, and if the ratio is greater than one, the neutral axis is in the "active" layer.
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Values for p further show that when the neutral axis is just below the active layer, a 
large displacement is obtained from the piezoelectric device. This agrees with the theory 
presented by Furman, et al.[93]
The present piezoelectric devices, however, have additional material added between 
the layers (LaRC-SI film). Since the thickness of this adhesive material is difficult to 
determine, the total thickness of the device was measured using a micrometer. This value 
was defined as measured thickness. In this manner, an approximate thickness of adhesive 
layers can be determined. Using this approach, the theory does not predict configuration 0/7- 
x/Al as the best, but 0/3-x/Al. The results obtained are presented in Table 4.2
For this case, the neutral axis shifts, and the theory no longer agrees with the 
measurements performed. The inaccuracy in measuring real thickness of the devices, as well 
as the estimation of the thickness of the adhesive may explain the discrepancies between the 
results.
The same calculations were performed for the AI/A1 configurations. The results 
presented in Table 4.3, which clearly show the neutral-axis theory to be inaccurate, were 
obtained using theoretical thickness values. However, if values of measured thickness are 
used, the theory proves to be correct. (See Table 4.4) These results again show that the 
configuration producing the most displacement was the one with a ratio of "active" layer to 
"inactive" layer close to one.
Some of the piezoelectric devices measured do not maintain a constant radius of 
curvature for various reasons (handling, poling, etc.), and therefore the neutral axis position 
also changes, with an unknown effect on displacement performance. Such an effect may be
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favorable for some configurations, like the cases where the displacement measurements 
increased by approximately 33% after re-poling.
The values of the modulus of elasticity of aluminum (aluminum alloy 3003, ASTM 
B221, 68.95GPa)[96] and the ceramic wafer (69GPa)[92] are almost equal, making the 
stresses equally distributed [94]. Since the stiffness is the same for both materials, the 
piezoelectric devices with this configuration are easily deformable, especially if the voltages 
applied to the piezoelectric devices are relatively high (e.g., during poling). To illustrate the 
change in curvature for such devices, measurements of radius of curvature before and after 
poling were performed for all the configurations (Table 4.5). Note that some of the devices 
were not tested because they broke in handling or during poling. This is due to the 
brittleness of some of the samples, especially the ones that had no protective layer above the 
ceramic (i.e., x/Al-5 configuration).
Stainless steel (Type 304, 193.1GPa) [96] has a modulus of elasticity twice as high 
as the ceramic. Hence, the stresses are concentrated in the metallic layer (higher modulus 
of elasticity) leaving the ceramic free to move.
To further explore the concept presented above, THUNDER™ types I and II were 
analyzed in two different categories, since the formulas developed before (97) apply only to 
homogeneous curved beams. Applying the theory previously discussed to composite 
THUNDER™ devices required a transformation which led to an effective device composed 
of a single material with a common modulus. First, for a beam composed o f two materials, 
(THUNDER™ model type I) with different moduli, a transformation factor, n, is defined 
[94]:
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E.
n = (4.6)
where E, is the modulus of elasticity of the bottom layer of a THUNDER device and E2 is 
the modulus of the top material (the ceramic layer and the aluminum layer for the type I 
THUNDER™ actuators). This transformation factor indicates that the cross section having 
an original width b, must be increased by nb. In this case, model type I THUNDER™ 
actuators are essentially composed of two materials, since the modulus of aluminum is 
almost the same as the ceramic (69 GPa). Hence, the above expression indicates that the 
width of each component parallel to the principal axis of bending is increased in the same 
proportion that the modulus of elasticity of that component makes with the modulus of the 
assumed material of the equivalent beam. [96] For a curved beam composed of two different 
materials the equivalent beam structure is shown in Figure 4.1. In this figure, t,an d t2are 
the respective bottom and top thicknesses and r0 is the inner radius of curvature of the beam. 
If E! > IL, then, the cross sectional area becomes as shown in Figure 4.1, which has a cross 
section of different size but the same modulus of elasticity. These areas are defined as,
A. = nbt. and dA, = nbdr (4.7)
A2 = bt2 and dA2 = bdr (4.8)
which transforms the location of the neutral axis, R, into,
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R = nti + h
« In. [(/-0 + t j l r j  + ln[(r0 + + f2)/(ro + fj)] (4.9)
Using the above equation, the ratio defined as alpha can be calculated again using (97),
(R -rJ
a  =  i °-L------------- (4.10)
inactive layer thickness 
where r0 is the radius o f curvature of the sample and the inactive layer thickness reflects the 
additional material placed below the ceramic layer (i.e., stainless steel). It was 
experimentally determined that the thickness of the adhesive layer for this THUNDER™ 
model type I was 1.5 mil (0.00381 cm) after the actuator was constructed. Hence, the 
inactive layer thickness was calculated by adding the adhesive layer under the PZT ceramic, 
the 1 mil ( 0.00254 cm) aluminum layer , the next adhesive layer, and the bottom layer 
(stainless steel of varying thicknesses). Results presented in Table 4.6 show these 
parameters as well as (3 and a. This table shows a  to be a better parameter than P, defined 
as equation (4.11) below.
n top layer + ceramic thickness
P = -----------   (4.11)
total thickness o f bottom layers
When a=1.01 (1% of the ideal case, a=1.0) case 3a is again predicted as the 
configuration that will produce the most displacement, while P=1.04 (4% of the ideal case, 
P=1.0) predicts case 6a as the best performer, which Figure 3.53 clearly shows to be 
inaccurate.
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The same theory was applied to THUNDER™ type II models, which are composed 
of materials with three different moduli of elasticity. In this case two parameters need to be 
defined, n,.2 and n3.2:
Ei
«i-2 = —  (4-12)
2
E 3
»3-2 = —  (4.13)
E 2
where the subscript three refers to a material with the modulus of elasticity of the top layer 
(brass), two refers to the ceramic modulus, and one to the material below the ceramic 
(stainless steel). Again the material is transformed into a homogeneous specimen with 
different cross-sectional areas, as shown in Figure 4.2, where t,, t2, and t3, are the bottom 
layer, ceramic layer, and top layers thicknesses, respectively.
Hence, the neutral axis location is defined as,
R = n i - 2 * l  + (2 +  f l 3 - 2 t 3r  i r i
n , .2ln + f l + In r o + ‘2 + n3. 2ln r o +  h +t2 +  f 3
ro r° + 'l ro + 'i + h
(4-14)
where r0 refers to the inner radius of curvature of the THUNDER™ device. For this type 
of THUNDER™ device, the adhesive thickness was 2 mil (0.00508 cm), so that the inactive 
layer thickness is the stainless steel thickness (variable) plus one layer of adhesive. Then, the 
parameters a  and P can be calculated using Equations 4.10 and 4.11 . The results are 
presented in Table 4.7, which shows that configuration or model 2b is the device with the 
most displacement as the experimental results show in Figure 3.54. The value o f P, on the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
141
other hand, predicts configuration 4b as to be the best performer, however, for loads below 
0.5 Kg, this is not true. With an applied load of 1 Kg, conclusions based on the value of a 
seem to match the experimental results.
These results clearly show that the neutral axis theory predicts the configuration with 
the best performance for a particular class of THUNDER™ devices under load and no-load 
conditions at 1 Hz. At higher frequencies, these results are not valid because of the mass 
attached to the device (which will decrease the device’s natural resonant frequency as well 
as the instability of the measurement system used). A different mechanism is needed for 
measurements at higher frequencies.
It has been clearly demonstrated that the best design is configuration 3a. Hence, this 
is the design that has been developed into an actuator for the vortex generator mechanism. 
As can be seen in Figure 3.53, a displacement of approximately 0.4064 mm (0.016 in) was 
produced with this design with no load at 200 Vpp. In the next chapter, an aerodynamic 
application based on configuration 3a is presented.
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Table 4.1
Location of Neutral Axis for x/Al Configurations Using Theoretical Thickness
Conf. rfin) Theoretical Thickness ( mils) R
(in)
R-rt
(mils)
P a
Top Ceramic Bottom Total
0/1-x/Al 6.0 0 7 1 8 6.004 4 7.00 4.0
0/3-x/Al 6.5 0 7 3 10 6.500 5 2.33 1.7
0/5-x/Al 5.4 0 7 5 12 5.400 6 1.40 1.2
0/7-x/Al 6.2 0 7 7 14 6.200 7 1.00 1.0
0/9-x/Al 6.3 0 7 9 16 6.300 8 0.78 0.89
Table 4.2
Location of Neutral Axis for x/Al Configurations Using Measured Thickness
Conf. r, Estimated Thickness 
o f  the "Active" 
Layer(mils)
M easured
Total
Thickness
(mils)
R
(in)
R-r,
(mils)
P a
0/1-x/Al 6.0 7 11.0 6.005 5.5 1.37 1.8
0/3-x/Al 6.5 7 16.0 6.508 8.0 0.89 0.8
0/5-x/Al 5.4 7 17.5 5.409 8.7 0.83 0.7
0/7-x/Al 6.2 7 18.5 6.209 9.2 0.80 0.6
0/9-x/Al 6.3 7 22.0 6.311 11.0 0.73 0.5
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Table 4.3
Location of Neutral Axis for Al/Al Configurations Using Theoretical Thickness
Conf. r fin ) Theoretical Thickness in mils R
(in)
R-r,
(mils)
P a
Top Ceramic Bottom Total
1/3-x/Al 6.0 1 1 3 11 6.029 5.5 2.67 1.80
1/5-x/Al 4.7 1 1 5 13 4.731 6.5 1.60 1.30
1/7-x/Al 7.3 1 1 7 15 7.291 7.5 1.14 1.07
1/9-x/Al 5.9 1 1 9 17 5.914 8.5 0.88 0.94
Table 4.4
Location of Neutral Axis for Al/Al Configurations Using Measured Thickness
C onf n
(in)
Estimated Thickness 
o f  the "Active" 
Layer(mils)
Measured
Total
Thickness
(mils)
R
(in)
R-r,
(mils)
P a
1/3-x/Al 6.00 9.9 17 6.009 8.5 1.39 1.20
1/5-x/Al 4.72 9.6 21 4.740 10.5 0.84 0.90
1/7-x/Al 7.28 9.4 24 7.290 12.0 0.67 0.80
1/9-x/Al 5.91 9.2 25 5.920 12.5 0.58 0.79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
144
Table 4.5
Radius of Curvature before and after Re-Poling Flat Elements
Conf. Designation
R  (cm)
% Difference
Before Poling A fter  P oling
1 0/1-x/Al 15.03 15.15 +0.8
2 0/3-x/Al 16.01 16.50 +3.1
3 0/5-x/Al 13.11 13.60 +3.6
4 0/7-x/Al 17.85 15.70 -11.8
5 0/9-x/Al 14.70 16.02 +8.3
6 1/3-Al/Al 14.10 15.30 +16.0
7 1/5-A1/A1 12.00 12.50 +4.0
8 1/7-Al/Al 15.00 18.50 +19.2
9 1/9-A1/A1 17.00 15.00 -11.9
10 0/l-x/Al-5 broke — —
11 0/1-x/SS 13.86 9.87 -27.8
12 O/l-x/SS-3 8.13 12.50 +53.8
13 O/l-x/BeCu-2 broke — —
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Table 4.6 Location of Neutral Axis for Cases la  thru 7a
Case ro(*n )
Thickness ( mils)
R(in) R-r„(mils) P aMaterial InactiveLayer
Total
I n
la 3.05 16.5 2 6 18.5 3.058 0.008 2.08 1.32
2a 8.17 16.5 3 7 19.5 8.178 0.008 1.79 1.14
3a 7.97 16.5 4 8 20.5 7.978 0.008 1.56 1.01
4a 12.53 16.5 6 10 22.5 12.539 0.009 1.25 0.86
5a 7.97 16.5 7 11 23.5 7.979 0.009 1.14 0.81
6a 7.97 16.5 8 12 24.5 7.979 0.009 1.04 0.77
7a 7.54 16.5 9 13 25.5 7.550 0.010 0.96 0.73
Table 4.7 Location of Neutral Axis for Cases lb  thru 5b
Case r0 (in)
Material Type Thickness ( mils) R R-r0 
(in) (mils) P a1 2 3 Total Inactive
lb 18 1 12 4 17 6 18.007 6.8 1.83 1.13
2b 18 1 12 5 18 7 18.007 7.0 1.57 1.00
3b 18 1 12 6 19 8 18.007 7.3 1.38 0.92
4b 18 1 12 9 22 11 18.008 8.4 1.00 0.76
5b 18 1 12 12 25 14 18.010 9.6 0.79 0.69
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Figure 4.1 Equivalent Cross Sections for THUNDER™ Type I
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Figure 4.2 Equivalent Cross Sections for THUNDER™ Type II
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CHAPTER V 
APPLICATIONS TO FLOW CONTROL
5.1 General
Flow control, using vortex generators of various types have proven to be effective by 
many researchers, and the possibility of actively deploying them has been suggested in the 
past. However, many of the deployment systems considered involved mechanical parts or 
actuators that required large amounts o f power. Hence, considerable additional weight and 
sophisticated control mechanisms are needed, which may not be feasible to add to existing 
designs of aircraft, cars, submarines, etc., without a significant performance penalty.
A THUNDER™-based actuator, used to deploy a vortex generator, has the advantage 
over most piezoelectric actuators in terms of weight, volume, power consumption, durability, 
and ruggedness. The greatest advantage over other piezoelectric actuators, however, is that 
the "shape" of a THUNDER™ device can be designed to fit a specific purpose. For 
example, a THUNDER™ device can be designed with a delta-wing shape, or any other 
simple geometry. Furthermore, THUNDER™ devices can be built in almost any size and 
with many different metals, to facilitate use under harsh environmental conditions. 
Considering all the advantages mentioned above, a submerged vane-type vortex generator 
was designed using a THUNDER™ device as an actuator. In order to test this concept, a two 
dimensional backward-facing ramp, with vane-type submerged vortex generators embedded 
in its surface, was constructed and tested. In this manner, vortex generators could be actively 
deployed at a particular height (e.g., adjustable to some percentage of the boundary-layer 
height) and frequency (variable), and be controlled remotely.
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Several tests were conducted using the backward-facing ramp model which consisted 
of a two-dimensional ramp with an 20.32 cm radius (Figure 2.18). First, the baseline 
separation line was established using a model without vortex generators. Then, using 
conventional methods (with vortex generators attached to the model surface using an 
adhesive), an optimal location for the vortex-generators was found. Using this location as 
a reference point, a THUNDER™ device was embedded in the model so that vortex 
generators could be deployed at the optimum location. Finally, using the above setup, 
pressure measurements were acquired and the extent of the separation region was determined 
for the two conditions (with and without vortex generators deployed). To further illustrate 
the effectiveness of the THUNDER™-actuated vortex-generator system, smoke 
flow-visualization photographs were taken. A detailed description of the measurements 
acquired and all related results are given below.
5.2 Boundary-Layer Parameters
All tests were conducted at a constant flow speed of 24 m/s to insure a significant 
separated-flow region. The centerline flow was monitored along the length of the model 
with boundary-layer and pitot-static probes. The boundary-layer probe measured the 
differential pressure between the boundary-layer stagnation and the ffeestream static 
pressures, and the pitot-static probe measured the differential pressure between the 
freestream stagnation and static pressures. Using these data, the boundary-layer velocity at 
any point was evaluated with the following equation:
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2 •(/» - P J (5.1)« = \  --------
A P
where P is the boundary-layer pressure, P„ is the freestream static pressure, and p is the 
density of air at standard conditions. In this manner, the velocity profiles along the model 
can be obtained. To ensure turbulent flow, a velocity profile was compared with a theoretical 
turbulent velocity profile for flow over a flat plate at x/h=5.0 location (See Figure 5.1). The 
theoretical profile with a correlation coefficient of 90% with an equation of the form, [99]
The boundary layer thickness, 6, was determined experimentally as the normal 
distance from the wall to the location where the velocity reaches 99% of the freestream 
value. Furthermore, parameters, such as the displacement thickness, as well as the 
momentum thickness, can be calculated using the following expressions, [98, 54]
f  \  i
(5.2)
(5.2)
(5.3)
where 6* is the displacement thickness, and 0 is the momentum thickness.
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The physical meaning of the boundary-layer displacement thickness is demonstrated 
when considering the mass flow in a typical laminar and turbulent boundary layer flow. 
Since mass flow for incompressible flow is defined as the area under a boundary layer 
velocity profile, for a laminar velocity profile, the value of mass flow is larger than a 
turbulent flow (making the value of 6* for turbulent flow smaller than a laminar flow). 
Similarly, the momentum thickness may be explained as the thickness that displaces the 
boundary of the wall by the distance 0. However, the growth of 0 is negligible compared 
to 6*.[53] Hence, the ratio of displacement to momentum thickness, called the 
dimensionless-profile shape factor, [99] can be defined as,
H = £1 (5.4)
0
can be used to specify the onset of separation. The closer the value is to separation, the 
larger the value o f H becomes for attached turbulent flow. [53] For example, if H reaches a 
value of 1.8 to 2.6 in a short distance, then turbulent flow separation is expected. This makes 
H a good indicator of the pressure gradient. [99]
In order to obtain values of 6, 6* and, 0, velocity profiles were measured using a 
boundary-layer probe mounted on a height gage that was positioned at distances between 
x = 127 mm (5 in) to x = 229 mm (9 in) and y-increments of 0.254 mm (0.010 in). The 
origin of the frame of reference was chosen at the base of the model, see Figure 2.18. In this 
manner, y=0.0 mm corresponds to the area downstream of the ramp. One thousand 
measurements o f velocity were made at each y-position to define the mean local boundary-
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layer velocity. (See Figure 2.19 for a schematic of the relevant experimental set-up). In this 
manner, velocity profiles were generated along the length of the floor downstream of the 
ramp. Results of the velocity profile survey for the baseline model at various streamwise 
locations along the model are presented in Figure 5.2. Note that when the flow was reversed, 
the pressure measurements were negative, so that velocity values based on these results 
should only be used as an indication of reversed flow, since the boundary layer probe can not 
detect flow directions. So that, when x/6=34.7 (x/h=16.9), the flow is separated (reversed 
flow) due to the adverse pressure gradient that has been developing, and the fluid particles 
are slowed down. Then, due to the decrease in kinetic energy, a region of flow reversal is 
observed, which is called the separation region. [100] This region continues to increase until 
x/5=8.9 (x/h = 26.9), where the flow is not reversed and is considered re-attached flow.
Parameters that were calculated (such as 5, 6’, and 0, and their variation in the 
freestream direction) are shown in Figure 5.3. Note that at the onset of separation, the 
boundary-layer thickness remained almost constant at a value of 5.37 mm. The same trend 
(constant values) is observed on displacement thickness, momentum thickness, and shape 
factor.
5.3 Submerged Vane - Type Vortex Generators
Based on the extensive results presented by Lin, submerged vane-type vortex 
generators produced the best results, in terms of reduction of the separation region associated 
with a rearward-facing ramp, and the least drag penalty. [54] The vortex generators in the 
present research (rectangular plates that projected normal to the wall) were arranged in a 
single row with adjacent generators set at alternating angles of incidence (±15 deg.) to the
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flow to produce an array of streamwise counterrotating vortices. (See Figure 5.4) The 
vortex generator height, T |, was chosen according to the results provided by Lin, who 
concluded that t]-0.18 to 0.28 reduces the extent of separation by almost 90%. Hence, the 
chosen value for these surveys was rpO.l 8 , based on the boundary layer thickness at the 
onset of separation, r| = 0.53 mm (21 mils). Furthermore, the location of the row of vortex 
generators was 156 upstream of the baseline separation region (x = 115 mm), consistent with 
Lin’s experiments. Other relevant values of parameters include aspect ratio r\/l = 0.5 (/ = 
1.06 mm or 42 mils), and a spanwise distance o f  k/s = 4 (A=2.12mm or 83 mils) between 
each pair of devices. Once the location for the vortex generators was determined, the 
THUNDER™ device was installed in the model. Since the device height was required to be 
0.53 mm (20 mils), the voltage used to activate the vortex generator was between 250- 
300VDC. This range of voltages was determined by using the results obtained in chapter 3, 
and since the load of the vortex generator is less than the actuator weight, the load was 
neglected. Once the vortex generators were installed, velocity surveys were conducted and 
boundary-layer parameters calculated.
Measured velocity profiles with vortex generators deployed are shown in Figure 5.5, 
and again when the velocity was reversed, the flow was considered to be separated. Note 
that with vortex generators deployed, the flow is separated at x/h=25.9 ( x/6=24.4) and it is 
attached at x/h=26.9 ( x/8=18.7). Comparing these values to the baseline results, a delay in 
the onset of separation, as well as a reduction to the extent of the separated-flow region 
[approximately 30% (± 5%)] is clearly shown.
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To further illustrate the changes to flow parameters due to the deployed vortex 
generators, 5, 6*, and 0 were calculated. Variation in parameter values with streamwise 
location is similar to that observed for the baseline flow. (See Figure 5.6). This trend helps 
determine the extent of the separation region. Furthermore, the results shown coincide with 
the value suggested by White, where for a turbulent flow, separation occurs approximately 
at H=2.4.[99] For the baseline flow, a shape factor o f 2.4 occurs at x=291 mm. When the 
vortex generators are deployed, this value of shape factor occurs at x=329 mm, indicating 
that the separation location has moved downstream, as shown in Figure 5.7. This parameter, 
however, does not predict the location of reattachment, for which more detailed 
measurements need to be performed.
5.4 Pressure Distribution
Static pressure orifices were located along the centerline of the top surface of the 
wind tunnel test section in the vicinity of the separation ramp. All surface static pressure 
measurements were referenced to the freestream static pressure measured at the beginning 
of the test section.
The measured pressure distributions for the two cases, baseline and with vortex 
generators deployed, are shown in Figure 5.8. It can be seen that the pressure distribution 
along the wall is altered when the vortex generators are deployed, confirming the results 
observed above. The "filling in" of the "valley" in the baseline pressure distribution with the 
vortex generators deployed is indicative of a weaker separation region of lesser extent. The 
extent o f separation can be defined as the distance between the point were the pressure 
coefficient levels off and the point where maximum Cp occurs. Defined in this manner, the
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baseline separation region starts at x/h=26.1 and ends at x/h=36.1. With VGs deployed, the 
separation region starts at x/h=28.6 and ends at x/h=35.1. These data indicate a reduction 
of 35% in the extent of the separation region, which agrees with the estimated value using 
the velocity profiles and the shape factor as previously discussed. In order to further validate 
these results, flow v isu alization experiments were conducted and a discussion o f the results 
is presented below.
5.5 Flow Visualization Results
Using the same model, and the setup described on chapter 2, smoke-flow 
visualization pictures were taken at two different situations, activated and de-activated vortex 
generators. These results show a dramatic difference between the two cases. A sample of 
these cases is shown in Figure 5.9 (a) and (b).
These photographs were taken under the same conditions, in order to facilitate a 
direct comparison. The original photographs were digitized, thus enabling an accurate 
determination of the separation region in both cases. This was accomplished by overlaying 
a grid on the original photograph. The grid was formed by 2.54 x 2.54 mm (0.1 x 0.1 in.) 
divisions, so that a scale was provided. (See Figures 5.10 (a) and (b).) According to Figure 
5.10(a), the baseline separation region, is 71.1 mm (2.8 in.) long and with the vortex 
generators deployed, Figure 5.10 (b) indicates that the separation region is 40.6 mm (1.6 in.) 
long. These results show a decrease of 43 % in the separation region. Thus, the effectiveness 
of a THUNDER™-based actuator for an array of vortex generators has been demonstrated, 
such that the vortex generators can be deployed only when necessary.
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Further experiments were attempted with the vortex generators deployed at different 
frequencies. Pressure measurements or velocity profile measurements were taken, however 
the results were inconclusive. Such results were expected since the measurements made 
were time-averaged and time-dependent measurement were needed. Flow visualization was 
attempted and the results are shown in Figure 5.11 for vortex generators deployed at 12 Hz. 
The technique previously described was used and the extent of the separation is reduced by 
approximately 20%. Again time-dependent measurements need to be acquired in order to 
obtain a more accurate measurement. However, this further reduction in the separation region 
suggests that there may be a particular frequency of deployment that results in an optimum 
reduction to the extent of separated flow.
Experiments described in this section show the effectiveness of a "smart actuator" 
(THUNDER™) for submerged vane-type vortex generators. This actuator can be easily 
controlled and its versatility provides many different possibilities in the flow-control field.
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Figure 5.1 Velocity Profile for Turbulent Flow Over a Flat Plate, x/h=5.0
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Figure 5.9 Smoke-Oil Flow Visualization over a Backward-Facing Ramp 
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CHAPTER VI
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Experiments were conducted to characterize the performance of a new piezoelectric 
device, THUNDER™, which was used as an actuator for submerged vane-type vortex 
generators, which controlled turbulent separated flow associated with a backward-facing 
ramp. This study was performed in three phases.
The first phase involved the testing of different configurations of THUNDER™ 
actuators constructed with different thicknesses and combinations of materials. The tests 
involved characterizing actuator performance under different operating voltages, frequencies, 
poling voltages, and capacitance, using state-of-the-art hardware and software. The results 
from this phase of testing indicated that in order to obtain accurate displacement 
measurements for THUNDER™ devices, they should be poled after processing, even though 
the ceramic wafer may have been poled at the manufacturer. One of the possible causes of 
depoling might be a result of the PZT-5A Curie point. This temperature which causes a 
dielectric breakdown is 350°C, compared to the processing temperature for the piezoelectric 
devices of 320° C. This may make the properties of the ceramic (KT33, etc.) less stable.
The experiments also demonstrated that the present clamping procedure for the 
piezoelectric devices is not appropriate near the resonant frequency, due to the large 
displacements obtained. A more compliant clamping device is needed at or near the resonant 
frequency, which appears to be independent of the configuration tested (approximately 250 
Hz).
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Further analysis of the data has shown that the movement of the piezoelectric device 
is restricted when a metallic layer is placed on top of the ceramic layer. This phenomenon 
can be explained by both the location of the neutral axis and the increased tension the 
additional metallic layer places on the device. A parameter, a, was defined such that a<l 
indicated that the neutral axis of the static device was in the lower section of the device (the 
inactive layer (metal)) and when a> l, the neutral axis was in the active (ceramic) layer. 
Then, the configuration that provided the best performance had a= l. However, when the 
total thickness of the device was taken into account (including the adhesive) when 
calculating a, the theory appeared to fail for the x/Al cases (with measured backing 
thickness), although it held for Al/Al configurations.
The second phase of the experiments included more detailed tests of configurations 
composed of materials with higher moduli of elasticity (stainless steel, etc.). The important 
parameters in this phase of tests included voltage, frequency, equivalent circuit parameters 
and performance under load/no-load conditions. These results confirmed that the neutral- 
axis theory for a composite curved beam was appropriate for predicting the best design for 
THUNDER™ actuators under load/no-load conditions at 1 Hz. A value near one of the 
relevant parameter proposed in the first phase, a, correlates well with optimum actuator 
performance for a particular combination of materials. This relationship appears to be 
independent o f the length, width, and the manufacturer o f the ceramic wafer used in 
constructing a particular THUNDER™ based actuator.
Since the neutral-axis theory presented above can be applied to any combination of 
materials, other tests were designed with stiffer materials on the top and bottom of the 
ceramic. The results indicated that a material with a high modulus of elasticity (higher than
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the PZT wafer) as a top layer of a THUNDER™ actuator, produced less displacement than 
one built with a material with a lower modulus than the ceramic wafer. At the same time, 
inactive layers with higher moduli than the wafer produced more displacement under 
particular loading conditions.
The third test phase involved the demonstration of the use o f a THUNDER™-based 
actuator for deploying submerged-vane-type vortex generators to provide flow separation 
control over a backward-facing ramp. It was demonstrated that these vortex generators can 
be deployed using a relatively simple control mechanism with low power consumption. 
Furthermore, it was demonstrated that the flow separation region was reduced by 35-40%, 
using vortex generators deployed by a piezoelectric actuator.
Results from the last test phase also suggested the possibility of providing flow 
control with different levels of voltage applied to the actuator, thus providing the vortex 
generators with a mechanism to adjust their height (and frequency), depending on the flow 
conditions. That is, if the angle-of-attack of a wing changed, and hence the boundary-layer 
height, the vortex generator could be easily adjusted without making any modifications to 
the wing itself. All that would be required would be a different remote command.
Future work recommended for successful flow-control devices includes the use of 
THUNDER™ devices simultaneously functioning as sensors and vortex generators to detect 
and control flow separation. That is, pursue frequency performance of vortex-generators, 
investigate the potential for a THUNDER™-based device as a sensor to detect the onset of 
separation, and determine the feasibility of designing a closed-loop interactive flow-control 
system with THUNDER™-based devices as flow separation sensor and vortex generator 
actuator. In this manner, active flow separation control with appropriate sensor devices and
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vortex generators deployed using piezoelectric devices can be designed so that the 
piezoelectric devices would serve as an active vortex generator that can be deployed “on 
demand.”
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APPENDIX A 
THUNDER™ Manufacturing Process
Materials. The raw materials needed to manufacture the present THUNDER™ devices are 
a piezoelectric ceramic wafer, metallic backing material, and an adhesive in spray and film 
form, and the a dielectric fluid. Two types of wafers were used in this study - Motorola 
3195HD and a Morgan Matroc PZT Type 5 A nickel poled and plated. Each set had several 
different thicknesses of stainless steel as backing material (from commercial vendors), with 
aluminum or brass as a top protective layer. The adhesive film was 25pm LaRC™-SI 
(Imitec, Inc.) And the primer was a LaRC™-SI/N-methylpyrolidione solution 10%(w) 
(Imitec, Inc.) The construction of the piezoelectric devices required additional equipment 
which included an air brush, an oven with a vacuum fixture (an operating temperature of 
350°C), and an autoclave with a minimum capability of 207 kPa (30 psi) and 350°C. The 
dielectric fluid HFE-100 (3M Corporation) and the N-methylpyrolidione (Fisher) were used 
as received.
Procedure for the fabrication o f  THUNDER™. There are five basic steps involved in 
manufacturing the present class of piezoelectric devices: (1) spray coating of the ceramics, 
(2) construction of layers, (3) assembly, (4) bonding process in an autoclave, and, (5) poling.
Spray coating of the ceramics. LaRC™-SI/N-methyl-pyrolidinone 10%(w) solution (Imitec, 
Inc.), is sprayed using an air brush. Both sides of the piezoelectric ceramic are cleaned using
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alcohol. Two coats are then sprayed on each side of the ceramic, which is then dried in an 
oven for 2 hours at 10°C.
Construction o f the layers. The backing material is first cleaned using alcohol, roughened 
with sandpaper, and sprayed with the LaRC™-SI solution, except in the case of stainless 
steel where only cleaning with alcohol is used. The materials (backing and LaRC™-SI film, 
3% offset) are cut to the desired size. The spraying of the backing materials is the same as 
above.
Assembly. The materials are assembled in the required order and thermally processed to 
produce the piezoelectric devices. The order of the layers, starting from the bottom for a 
particular device, is metal, LaRC™-SI film, metal, LaRC™-SI film, ceramic wafer, 
LaRC™-SI film, and top metallic layer (optional). See Figure A.l for an example of a 
typical laminate assembly.
Autoclave. An aluminum plate with a layer of fiberglass cloth covered with Kapton™ 
polyimide film is coated with Frekote™ release agent are concentrically put on the plate, 
leaving a border of approximately 2.54 cm. The laminate is carefully placed on the plate and 
covered with coated Kapton™ film followed by fiberglass cloth. Around the outer edge of 
the plate, heat resistant sealant tape is applied and a vacuum port is attached inside the tape 
perimeter. Kapton™ film is placed over the sealant tape, covering the entire surface of the 
plate and pressed around the tape to ensure a good seal. The plate is then put into an 
autoclave. The temperature is raised to 320°C at 5°C/min under a full vacuum. At 320°C,
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a pressure of 207 kPa (30 psi) is generated for 30 minutes and then the plate is cooled at a 
rate of 5°C/min until the temperature reaches 200°C. The vacuum is then released and the 
fixture is allowed to cool to ambient temperature.
Poling. After the fixture is removed from the autoclave, the actuators are removed and 
immersed in HFE-100( 3M) and using a clip for leads, a DC voltage o f 35.4 kV/cm (90 
V/mil) is applied for a full minute.
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Figure A.l Schematic of THUNDER™ Assembly
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APPENDIX B 
EQUIVALENT CIRCUIT
A piezoelectric crystal has an equivalent circuit which essentially consists of a 
capacitor. Its value depends on the dielectric constant of the PZT used. In this study, the
Tdielectric constant, K23, is given by [92]:
„ r  5.61 'C' t
33 = — ------- (B.l)
rw
where C is the capacitance (nF), t is the thickness (xlO'3 in), and I and w are the length and 
width respectively (in). As it can be seen in Equation 2.1 above, the capacitance depends on 
the geometry o f the piece. Therefore, in order to classify some of the differences between 
the dielectric properties of the raw material (the PZT), and the final product (THUNDER™), 
impedance curves were produced for a series of devices. In this manner, an equivalent 
circuit was calculated, and hence, the capacitance. The equivalent circuit that produced the 
best results is shown in Figure B.l.
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